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Integrins are a class of adhesion molecules that de-
pends on divalent cations for proper function. This 
study exantined whether human norntal melanocytes 
and malignant (metastatic) melanocytes with early 
and late stages of cellular differentiation (G361 and 
SK-MEL-23, respectively) would differ in integrin-
mediated adhesion to fibronectin, laminin, as well as 
collagens type I and type IV, and whether divalent 
cations could influence the strength of adhesion abil-
ity. Integrin subunit expression was determined by 
flow cytometry using integrin subunit-specific anti-
bodies as probes. Integrin-specific adhesion was de-
termined using soluble glycine-arginine-glycine-as-
paragine-serine peptide and integrin subunit-specific 
antibodies as functional blocking agents. This study 
shows that both normal and malignant melanocytes 
adhere to extracellular matrices in a divalent cation-
C ell adhesion to extracellular matrix molecules in-volves a family of cell-surface molecules call ed integrins, which are a -{3 heterodimers that in tegrate the extracellular matrix with the cell cytoskeleton 1in the {3 subunit [1]. The a-subuni t appears to 
direct ligand specificity by using divalent cation-binding domains 
similar to the "EF-hand" structural motif found in the divalent 
cation binding regions on the Ca ++- binding prote in calmodulin 
(2]. These domains when bound to metal ions ca use conformational 
changes in the molecule, which may activate th e receptor by 
uncovering active epitopes [3]. Normal hum an m e lanocytes bind 
with greater strength to extracellular matrix substrates in the 
presence of Mn and Mg than with Ca, presumably through 
conformational changes in the integrin molecule induced by occu-
pation of the metal-ion-binding site [4]. However, it is not known 
how cells utilize these conformationa l chan ges to selectively bind to 
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dependent manner, and adhesion strength varies 
with the cation species. Integrins can be rapidly 
activated by small alterations in cation concentra-
tion, manganese being the most potent. There were 
marked differences in substrate adhesion between 
normal melanocytes and metastatic malignant ntela-
noma cells, but these differences were not related to 
the stage of cellular differentiation. All the three cell 
types, however, expressed the same integrin subunits 
at approximately the same levels. This suggests that 
substrate adhesion of melanocytes and melanoma 
cells lllight involve some integrin-independent 
mechanisnts as well. Manganese, in particular, ap-
pears to cause adhesion by activating both integrin-
dependent and -independent mechanisms. Key JVord: 
mela11oma. J l1west Dermato/105:301-308, 1995 
substrates or whether tlus ability can vary with the state of cell 
difFerentiation. 
Human maJjgnant melanom:1 may provide a model for studying 
cell differentiation and cell-substrate adhesion i11 vir'o and in ,,itro, 
and the latter can be best illustrated by compar.ing w ith non-
metastatic normal melanocytes [5]. Normal melanocytes and their 
malignant metastatic counterparts differ in their mobility and 
adhesion to extracellular matt-ix (ECM), presumably due to differ-
ences in adhes io n molecule expression and in tegration with the 
cytoskeleton. Normal and malignant melanocytes express several 
members of the integrin family [6]. Furthermore, different integrin 
subunits have been identified during malignant progression (7,8]. 
However, it is not known to what extent integrin eJ..']Jressio n 
changes according to the cellul ar differentiation state, including 
metastatic potentials, and how such alte rations in in tegrin eJ..']Jres-
sion affect adhesion to substrates. 
This study compares integrin expression and adhesion to extra-
cellular matrices between nonnal and malignant human melano-
cytes. Specifically, we were interes ted in determi1ung whether 
divalent cations cou ld influence adhesive abili ty to · extracellu lar 
matri.x substrates. lntegrin (protein) expression was measured by 
flow cytometry using monoclonal antibodies, and cell-substrate 
adhesion was assayed by a modified version of the centrifugation 
detachment assay [9-10) . [n addition to normal human m elano-
cytes, a nonadhe rent small cell lung ca •·cinoma cell line and two 
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hum a n melanoma cell lines representing earl y or late differentiation 
state were examined to determine whethe~ a n y effect b y the 
divalent cations on ad h esion was restricted to the melan ocyte cell 
type. T h e two melanoma cell lin es derive from highly metastatic 
clon es but d iffer in the ir capacity for m e lanin synthesis, o n e (G36l 
cell line) being amelanotic (early differentiation stage) and a n oth e r 
(SK-MEL-23 cell line ) being hig hl y p igmented ( late differentiation 
stage). According to Houghton's classification [11 J, G36 1 mela-
noma cell s sh ow ea rly-stage differentiation marke rs, with an ep i-
theli o id m orph o logy, a n a bse n ce of pigment, and low ty rosinase 
activity. SK-MEL-23 melanoma ce ll s express late-stage differenti-
ation markers, with a spindl e-sh aped or d end r-itic ce ll m o rphology 
and high degrees of pigment expression and tyrosinase activity. O ur 
recent study has con firmed th ese markers of differentiation stages 
on th ese two melanoma cell lin es [1 2] . T h e present resu lts sh ow 
that although a ll ce ll s can adh ere to extracellul ar matrices, th e 
cation species can grea tl y a lter the stren gth of adhesion in a 
cell -specific manner th at is independe n t of th e stage of cellular 
differentiation. Furthe rmore, it appears that man gan ese constitu -
t ively activates integrins in the absen ce of ligand and initiates a 
"post-in tegrin" cell adh esion cascade through n o n-integrin m ech-
a nisms. 
MATERJALS AND METHODS 
Materials Fibronectin , laminin , coll agen type IV. cthylencdiam inctet-
raacetic ac id (EDTA), trypsin/EDT A ;urd 3-[4 ,5-d imcthylthiazo l-2ylj -2 ,5-
diphenyltetrazo lium bromide (MTT) were obtained fro m Sigma C hemica l 
Co . (St. Lo ui s, MO) . Collagen type I was obta ined !Tom Upstate Biologica ls 
Inc. (l"l..ochestcr, NY). N unc Po lysorp F- 16 we ll s, and Dulbccco's modified 
essential medium (DMEM) were purchased from Gibco (Montrea l, Que-
bec, Canada). N itrocell ulose membrane, and the si licone gasket and 
pressure plate fashioned from a large vertica l gel electrophoresis apparatus 
were obtained !Tom Bio-flad (Mississauga, ON). MCDB 153 media were 
purchased from C lonctics (San D iego, CA). Dimethyl sul fox ide (spectro-
photometric grade) was obta ined from Aldrich (Mi lwa ukee, WI). The 
no n f.1t skin1 n1ilk powder c :tnle fi·nrn Carn:1tio n (Lca 1ningto n . ON). 
The small cell lung carci noma cell li ne, H-69, was obtained from the 
American Type C ulture Collection (ATCC, R ockvi ll e, MD). Two human 
melanoma cell lines were used in thi s study. G361 was obtained from 
ATCC. whereas SK-MEL-23 was a generous gift of Dr. A. H o ughton 
(Memoria l Sloan Kettering Cancer Institute , New York, NY). 
Murine ntonoclonal antibodies against the hun1an a2 in tcgrin lP l E6~ 
IgG 1J, a3 integrin JPI BS, lgG 1], a4 intcgrin lP4G9, lgG2.,J , aS in tegrin 
JP"I 1)6, lgG 3) , av inteb'T"in (VNR 147, lgG 1], /32 inte!,'T"in fP4H 9, lgG3 J, and f34 integrin J3E1, IgG 1] were generously supplied fi-om Tcl ios (Seattle, 
WA). Monoclonal antibod ies against the /31 integrin (4B4, IgG 1] subunit 
was obtained from Coul ter (Mississauga, ON). Purified murine control 
immunoglobulins were obta ined fro m C appel (Organon Techni ka Corpo-
ration , West C hester, PA). Murine mo noclonal antibodies aga inst fi bro nec-
tin (F N - 15, lgG ,), laminin (LAM-89, IgG 1), and co llagen type IV (COL-94, 
IgGr) were purchased from Sigma. A secondary goat anti-murine antibody 
conjugated w ith phycoerythrin was obtained from Becton-Dickenson (M is-
sissauga , O N) and was used for f:low-cytomctry stud ies (sec below) . 
[11 Viti'O C ulture of Human Mclauoeytes ·and Melanoma Cells 
Human ep idermal melanocytes were isolated according to the method of 
Eisinger and Marko J1 3], using F- 10 medium supplem ented with s•;., (v/v) 
fetal bovine serum (FBS) (Hyclone, Seattl e , WA). bovine 'pituitary extract 
(2 1 . .t / ml) , phorbol 12, 13-dibutyrate (2 IJ.g/ ml ), basic fibro blast growth 
factor (2 /.Lg/ml), and penicillin/streptomycin (1 0 IJ.I/ ml) (1 OO X so lu tion , 
Gibco). Fibrob last overgrowth was eli minated by treating the cul tured ce ll s 
with Gcneticin (1 00 fig/ ml) (Sigma) [1 4]. 
Human melanoma cell lines of G361 and SK-MEL-23 and the small ce ll 
lung carcino ma cell line, H-69. we re grown in DM EM supplemented with 
S'Y., FBS and penicillin/stre ptom ycin (1 0 IJ.I/ ml) at 5% C02 at 37"C. 
Cell passage was perfo rmed using 0. 1 M sodium phosphate-buffered 
sa line (PUS) (0. 15 M) , pH 7.4 con tain ing 10 mM EDTA (EDTA/PBS), to 
protect the cc ll-surf:•cc molecul es from proteolysis. Normal human mcla-
nocytcs were was hed in five exchanges of F- 1 0 rncdiun1 that did not contain 
pho rbol 12, 13-dibutyrate to remove the phorbol ester, because this com-
pound is water soluble and can, therefore. be e ffective ly removed fro m the 
cells li S J. Furthem10rc, consistent resu lts were obta ined in the expression of 
in tegri n subu ni ts between normal and mali gnan t cell lines, excl uding a 
possibility that the biochemica l e ffects of phosphor ester may sti ll persist 
after the washo ut. 
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Flow-Cytometric Analysis of lntegrin Expression on Melanocytcs 
Human mclanocytcs and melanoma ce ll s detached fro m the cu lture Aask 
with EDTA/PBS were pelleted and resuspended in 0.'1 M PBS at 4°C . All 
furt her steps we re perfom1ed fo llowing the previous repo rt [ 16]. containing 
monoclonal antibodies aga inst imcgrin subunits at 1:50 dilution for 30 min. 
Pcll etcd ce ll s were resuspended in a phycoerythrin-conjugated secondary 
anti body diluted ·t :20 with O.l M PBS for 30 min . T he cell s were pclleted, 
was hed three times in 0.1 M PBS. and then fi xed w ith I •y., parafo rmaldc h yde 
in 0.1 M PBS. Log fluorescence intensity was measured using a FACScan 
Row cytometer (Becton-Dickenson) . Statistica l signi fica nce was determined 
by Student t distribution. · 
Immunohistochemistry of ECM Expression Iu Vitro Cell s were 
cul tured on glass coversli ps in the presence of di va lent cations in Tris-sa linc 
bufl"cr (50 mM Tris. ISO mM NaCI, pH 7.4) for I h. Ce ll s were fixed w ith 
4% para formaldehyde in PBS (pH 7.4) for 10 min, and processed to 
im munohistochemistry studies fo llowing the prev io us stud y f1 4]. Primary 
antibodie s aga in st fibroncctin , la1ninin , or collagen type IV were diluted 
into I :1 00 and murine control immunoglo bulin was used as a negative 
control. An image ana lyzer (CAS 200, Ce ll Analysis System s Inc .. Elmhurst . 
IL) using digital analys is softwa re (Ce ll Measurement Program , version 1.0: 
Ce ll Anal ysis System s Inc.) was used to ca lcula te the sum of optical 
densities. and the average optical de nsity for 1 00 rando mly selected ce ll s. 
Statis ti ca l compari son between means was determined by Student t di stri-
bution . Alte rnativel y, a Ruorcsccin-conjugatcd anti- mo use secondary auti-
body was incuba ted for 30 min . Ce ll s were photographed using a Z icss 
Photomicroscope Ill using Tri-X 400 film (Kodak. R ochester. NY). 
Cell Substrate Adhesion Assay T he microwell plates we re incubated at 
37°C for 60 min with 50 IJ.I of each one of the fo llowing substrates disso lved 
in 0.1 M PBS (p H 7.4): fibronectin (10 IJ.g/ml) , laminin (10 IJ.glml), 
coll agen type I ( I 0 IJ.g/ml) , o r co ll agen type IV ("10 IJ.g/ml). After rinsing 
twice with PBS/ '10 mM EDTA, all nonspecifi c ad hes ive sites were blocked 
with 1 0% nonfi1t mil k powder incubated for 60 min at 3 7°C. Milk was 
selected as the blocking agent of choice after testing seve ral other agents 
(sec below). T he well s were rinsed tw ice again with PBS before the 
addition . 
T he assay is a modified form of the method reported by Lutz et a/ [1 0]. 
The pigment cell s we re detached with I 0 mM EUTA/ I'llS. T he ce ll s were 
pclleted by centrifuga tion at 200 X gat room temperature and resuspended 
in se rum-free media. T he ce ll s we re pla ted on prccoated micro wc ll s at 5 X 
·1 04 / '1 00 IJ.I and briefly centrifuged (200 X g) ;It room temperature for 2 min 
to bring cell s into contact w ith the plate surfi1ce . The cells were incubated 
for the ind icated time periods in an incubator (37°C, S'!lu C02 ). T he wells 
were fi ll ed with fresh 1ncdia prcwanncd to 37°C. and .a prcn1oistcncd 
nitrocellulose membrane strip was placed over the we lls. excluding all air 
bubbles . A si li cone rubber gasket and pressure plate were placed over the 
nitrocellulose, and clamped using a bulldog stationery clamp . T he plate was 
centrifi.rgcd in an inverted position for !! min at 212 X g. T he apparatus was 
di sassembled and the stri p ca refully peeled fi·om the well s, placed over a 
new 96-well plate and the impressions caused by the wells of the o ri ginal 
plate conta ining the detached ce ll s were punched into the well s using a 
Aamc-burnjshcd glass rod with an o utside dian1ctcr eq ual to the in side 
diameter of the microwell. A cell quantifica tion method using a colorimetric 
measuremen t of cellular protein was used to determine cell-stratc ad hesion. 
T he sul forhodaminc B (SR.B) assay was performed according to the method 
of Skehan et nl J1 TJ. Absorbance at 550 nm was measured on an ELISA 
microwell plate reader (S Lit Industries, Sal zberg, Austria). 
Perturbation Studies on Cell Adhesion Diva lent cations were selec-
tively added or deleted from the incubation media to determine the effect of 
these cations on cell adhesion. Ad hes ion strength was measured on three 
substrates: lamin.in (10 IJ.g/m l), fibroncctin ( 10 IJ.g/ ml), co llagen type I (10 
IJ.glm l), and collagen type IV (1 0 IJ.g/ ml). Standard assay condi tio ns we re 
used as described above , excep t tir e ce ll s were incubated on the substrate for 
I h in 0.'1 M PBS (pH 7.4), containing one of the fo llowing: 1 mM MgC I0 • 
1 mM MnC I2 , l mM CaCI2 , o r I mM MgCI2 and I rnM MnC I2 . T hese 
concentrations arc w ithin rh c physio logic r:1n gc detected in hunwn scrurn 
l1 8] . 
Se lective blockade of intcgrin subuni ts was achieved by adding to the 
in cubatio n mcd iun1 monoclonal antibodies agniust spec ific intcgrin subuni tS 
that arc known to block functional activity. Cell s we re exam ined using tl1e 
standard assay conditions as described above, except that cell s were 
pretreated in serum-free media conta ining a I /20 dilution of antibody, 
fo llowed by a 1- h incubation in the precoatcd microwell s in serum-free 
media conta ining 'I I tOO dilution of arni body. Murine contro l immunoglob-
ulin was used as the negative contro l. 
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Table I. Human Melanocytes Express A Limited Number 
of lntegrin Subunits as Measured by Flow Cytometry 
Using Int egrin Subuni t - Specific Antibodies 
Median Fluorescence lntcnsity 11 
Normal 
lnrcgrin Subu ni t Mc lanocytcs G361" SK-MEL-23'1 
Comrol1' 37.0 48.0 33.25 
a 2 84.0" 230.0' 185.4'' 
a, 189.9' 250.0'' 188 .5' 
a" 37.0 48.0 3-l. O 
as 63.0 82.0C 87.4' 
av 45.0 80.0 36.3 
{3, 340.0'' 400.0' 600 .0" 
f3 z 37.5 48 .2 33 .7 
{3, 37.0 48. 1 38 .5 
/34 55.0 50.0 36.5 
''As calculated by Auw-cyt·o mctcr soH-wa re !LYS IS II. 13 ccton- Dickc nsonJ (arbitrnry 
uni ts). 
,, Murine nonimmunc immunoglobul.in as nega tive contro l. 
' Statistica ll y signif1ca nt {p < 0.115). 
•
1 H um an md:ntuma cell lines. 
E n zyme-Linked lmmunosorbance Assay (ELISA) of Substrate Se-
cretion b y G 361 CeiJs FoiJowing Cation Exposure Six-we ll plates 
were blocked using 5'X, nonf:.tt milk to r 30 min at 3 rc. G 36 1 ce ll s ( I X 
1 06 /well) were suspended in T ri s/salinc buffer and incubated in the 
presence of either EDTA (10 mM). CaCI2 (UJ mM). MgCI2 (1.0 mM). or 
MnC1 2 ( 1.0 mM) fo r 60 min at 3 7°C. Cells were harvested with a rubber 
poUceman and the supernatant collected following centrifugation. O ne 
hundred fifty microliters of superna ta nt was incubated in each well of a 
96-well plate for 120 min at room temperature. Microwells were coated 
w ith 10% (w/ v) nonfat milk powder in PBS (pH 7.4) fo r 30 min at 37°C . 
T he we ll s were rinsed three times in PBS . Plimary antibodies aga inst 
fibronecti n. lamin in, or co llagen type IV ( I :J 00) were added and incuba ted 
for 120 min . Afte r washing in PBS, the horseradish peroxidase-conjugated 
goat anti-mouse secondary ;mtibody (1 :1 00) was added and incubated fo r 30 
n1 in. After \vnshing, the co lorin1ctric reaction w as pcrfon11cd using 2,2' -
azi.nobis(3-e thylbcnzothiazo line sulfonk ac id 20 J.tg/ ml and 0. I% hydrogen 
peroxide for ·1 0 min . T he absorbance was read on a mu ltiwe ll plate reader 
(SLT lndusu·ies, Salzburg, Austria) at 405 nm. Mean va lues and SO from 
e ight replicates were calcula ted. Statistical comp:nison between means was 
determined by Student t distribution . 
RESULTS 
Development of Modified Centrifugation Detachment As-
s ay T he inverted centrifugation deta chm en t assay of McClay 
provided a reprodu cibl e and rapid m ethod of measuring cell 
d e tachment by applying a vertica l detachm ent force. O ur m ethod 
improved the quantitation of ce ll numbers by using the followin g 
modi.fi ca tions: 1) detached cells were captured on a nitrocellulose 
mem bran e sheet, eliminating the need for g luing two chambers 
togethe r witho ut introducing air into the chamber; 2) cell numbers 
were assessed by using a colorim e tric assay based on eithe r ce ll 
metabolism (MTT) [19] , o r on tota l prote in m ass (su lforho damin e 
B) [1 7] , e liminati.ng the hazards of potential sp ill s of radio labe led 
cells. Bo th colorimetri c assays [17, 19] gave absorba nce va lues that 
were accurate and lin ea rl y correlated w ith ce ll numbers (data not 
sho wn). 
Expression of Intcgrin Subunits on Normal and Malignant 
Melanocytes N o rmal melanocytes as weiJ as m elano ma cell lines 
G361 and SK-M EL-23 expressed {31, a3, a2 . and aS at levels 
greater than twofold over basehne no n-immun e murin e immuno-
g lo bulin con tro ls (Table I and Fig 1). However, aS expressio n on 
normal m elanocytes was not significan t (p < O.OS) . Expressio n of 
a4 and {32 was not found . Normal m elanocytes ex pressed more {34 
t han e ithe r malignant m elanoma ce ll line but was not significan t. 
Am elanotic, metastatic G36l ce lls expressed more av than e ithe r 
norma l melanocytes o r melanotic, m etastatic SK-MEL-23 cell s, bu t 
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the difference was not signifi cant. However, {33 express ion was not 
found on e ither normalmelanocytes o r G361 cells and was minimal 
0 11 SK-MEL- 23 cell s (less th an 1m-:. above base line ) . No CO ITe lation 
was fo und between integrin subun it express io n and differentiati on 
state in each of three cell types. T his is in con trast with the findi ng 
of Albe lda and coll eagues [20], who indicated an increased expres-
sion of av{33 on m alignant m elan om a cell s i11 l' ilro with respect to 
tum or progress ion and metastas is. 
Melanocyte Adhesion to Substrates T he best substra te for the 
adhesion of normal hum an m elanocytes under norm al m edia 
conditions (magnesimn/calcium) was fibro nectin . followed by 
laminin , co llagen type IV, and co ll agen type I (Fig 2). Blocked 
pl astic mic rowells had a very low attachment (< l 0%). T he strength 
of adh esio n inc reased as a fun ction of time, reaching the m ax imal 
adhesi ve strength at 2 h (data not shown) . Adhesion strength also 
decreased with decreas ing incuba tion tempera ture (range, 4°C-
2S 0C) . 
T he G361 and SK-MEL-23 m etas ta ti c m elan oma cells exhibited 
differen t preferences for substrate, a lthough collagens were th e best 
subs trates, fo llowed by lam inin and fibro nectin (Figs 3 and 4). 
N o rm al m elanocytcs and am elanotic G36 1 cell s showed similar 
adhesive streng th o n all substrates, w hereas m elanotic SK-MEL- 23 
cells showed a SO'Y,, lower adhesive streng th o n all substrates. 
Because Aow- cytom etric m easurem ents showed that the in tegrin 
subunit expression is greater for metastatic melanom a cell lines 
compared with n o rm al n o nmctastatic m elanocytes (Table I) , t he 
cell-specific va1~i ati on in adh esio n strength cann ot be explained by 
in teg,·in sur f.1ce distribu tion alo ne. 
Effect of Substrate Preparation on Melanocyte Adhesion 
No diminution of extracellular matrix protei11 adsorption to plastic 
was detected on additio n of EDTA to the ECM solution or on 
rinsing the adsorbed protein afte r blockade (daca not shown) . 
Because di va len t cations m ay ha ve afFected protein adsorption or 
the confo rma tio nal structure of extrace llul ar m atrix m o lecules, it 
was necessa ry to determine the effect of pre treatm ent of the 
substrates w ith EDTA or EGTA prio r to cell adhesion. Becau se 
the re was no diminuti on of adsorbed substrate concentration with 
che lator treatmen t, th e m echanism o f ECM adsorp tion on to p lastic 
is independent of divalen t cations. 
T he adhesio n of cells to substrates was signifi cantly diminished 
after EDT A pretreatm en t (Table II). T he obse rved decrease in 
adhesion was not due to remn ant che lato r that might in terfere w ith 
in tegrin fu nction, as each well surface was extensively washed w ith 
PBS prior to perfo rming the cell-adhes io n assay. Furthem1ore, 
because the sam e decreased adhesion was also o bse rved with EGTA 
pretreatm ent (data not shown), calc ium m ay be responsible for t he 
increased adhesion to untreated substrates. 
Divalent Cation-Dependent Adhesion of Melanocytes 
N ormal melanocytes bo und to all substrates but required the 
presen ce of di va len t ca ti ons, because low ad hesion was fou nd in th e 
presen ce of 10 mM EDTA (Fig 2) . Adhesio n o n each substra te 
changed w hen the cation species was changed. Manganese (1 mM) 
provided the sn·ongest adhesion. fo ll owed by m agnesi um/ cal c ium , 
manganese/ magnesium , m agnesium , and calc ium, in order of 
decreas ing adhesio n strength . Sim il arl y, both G36l and SK-
ME L-23 m e lan om a cell lin es bo und to all subsn·ates and required 
the presence of di val en t cations (Figs 3 and 4). Removal of 
divalen t cations by EDTA ca used a ve ry lo w streng th of ad hesion. 
Both cell lines also showed a similar o rder of adh esion strength 
dependent on the cation species present. For G36 1 m elano ma ce lls, 
m anganese (1 mM) provided the highest adhesion, fo llowed by 
m anga nese/magnes ium , magn esi um /ca lcium , magnesium , and cal-
cium , in order of descendin g adhesion (Fig 3). SK-MEL-23 m ela-
no m a cell s exhibi ted difFe rent affi ni ties for substrates in the presence 
of the sa m e dival ent cations (Fig 4). Manganese/ m af,'llesium 
provided the best adh esion , fo llowed by m anganese, m agnesium/ 
calci um , magnesium. and ca lcium , in descending o rde r of adhesion 
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Figure 1. Flow-cytometric pro-
files show a limited number of 
integrin subunits expressed by 
100 
normalmelanocytes and malig- ... as nant melanoma cell lines (G361 cv 
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affinity. Although the magn itude of adhesion was difFerent from 
G361 melanoma cells, SK-MEL-23 melanoma cells also demon-
stra ted this order, regardless of substrate . 
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Because integrin has difFerent substrate affinities in different cell 
types, we wanted to determine w hether tbe observed divalent 
cation-dependent adhesion was only specific to human melano-
cytes. Thus the normally non-adherent H-69 sm all cell lun g 
carcinoma cells were examined. If d ivalent cations were tru ly 
modu lating the affmity of integrins 11in the cation-binding sites on 
the extraceUular domain of the a-subunit, then cations would have 
been able to induce adhesion in a nonadherent cell line. To verify 
thjs possibility, normally non-adherent H-69 small cell lung carci-
no ma celJs were examined . H-69 expresses only 'tw"o in tegrins, 
a3f31, and a6f3l, and grow in suspension. H - 69 did not adhere to 
fibronectin or laminin in the presence of calcium and magnesium 
(Fig 5). However, manganese significantly augmented adhesion to 
all substrates . If manganese was combined with magnesium, adhe-
sion was greatly increased to a level greater than each cation 
combined, implying a synergistic efFect on adhesion strengtlJ. 
Cations Induce Binding to Blocked Substrates AU three cell 
lines adhered to plastic blocked with 5% nonfat mj lk in the presence 
of manganese, magnesium, and their combinations, but not with 
calcium or magnesium alone (Figs 2-4). O ne explanation for this 
o bservation was that the blocking agent was contaminated with 
some ECM molecule or that a cation-dependent binding site was 
present on casein that permjtted adhesion. However, neither 5'X~ 
bovine serum albumin, 5% ovalbumin , nor 0 .7% A carageenan was 
capable of preventing adhesion to plastic in the presence of 
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manganese (Table III). The exception was A carageenan, which 
was a poor blocking agent in the presence of both EDT A and 
manganese. Hence, the presence of manganese in the extracellular 
space provided some stim ul us for these cells to adhere to the plastic, 
regardless of the blocking agent. 
A second explanation wa s that the cells, w hen exposed to th ese 
catio ns , secreted a substrate into the extracellul ar space, which 
could allow adhesio n to occur. No ECM protein was detectable on 
adherent celJs in the presence of EDTA by ELISA (Table IV). 
Laminin , but not fibronectin or collagen type IV, was detected by 
ELISA on adherent cells cultivated for 1 h in the presence of e ither 
calcium, magnesium, or manganese. However, examin ation of 
these same cells by Aow cytometry after harvesting with EDTA did 
not demonstra te laminin, fibronectin, or collagen type lV on th e 
surface of these cells. This suggests that ce!Js may secrete laminit1 
into the extracellular space rather than retain it on the cell surface . 
T he three celJ lines tested did not adhere to the celJ-secreted 
laminin beca use the lamjnjn did not adsorb to the blocked plastic 
(data not shown). Furthermore, G361 did not adhere to pread-
sorhed lamin.in in the presence of calcium (Fig 3) . Hence, cations 
may cause the secretion of laminin, but this secreted substrate was 
unable to adsorb to the blocked plastic. Each ce lJ Lin e requi red a 
threshold concentration of manganese below which adhesion was 
mjrumal. However, mitumal e levation of extracellular manganese 
concentrations dramatically increased cell adhesion (Fig 6) . De-
creasing adhesion was detected at manganese concentrations above 
2 mM. Because manganese is toxic to cells at high concentrations 
[3 ), the decreased adhesion may partly reA ect the effect of manga-
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nese toXICity. T his e ffect w as o bserved regardless o f the typ e of 
blockin g agent used (data no t sh o wn) . 
M anga nes e Activates Adhesion to Blocke d Substrates 
T hrough an Arginine-Gly cine-Aspara gine (RGD)-Depen-
dent M echanism Eviden ce fo r extrace llular activatio n of in te-
grin avidity w as suppo rted by the abili ty to directly inhibit cell 
adh esio n by increas ing concentra tions of solubl e g lycine- a rg inine-
glycine- asparagine- serine (G R GDS) peptide (F ig 7) . N o decrease 
in cell-substrate adhesio n w as o bserved w ith the n o n- fun ctio n al 
peptide, G R GES . T he increased adhesio n o bserved w ith m anga-
nese m ay, the re fo re, be due to the increased recognitio n and av idi ty 
for R GD adhesio n sequ e nces o n the substrates. 
To fur the r explo re the functio nal ro le of sp ecific in tegrin sub-
u n i ts, we examined blockin g of G361 adhesion to R GD- sen siti ve 
sites o n blocked plastic . T he antibodies with kno wn fun ctio nal 
b l ocking abili ties aga inst a3, {3 1 , and {34 subunits impeded adhesio n 
grea ter than 40% (Ta ble V) . A mino r inhi bi tion of adhesion was 
o b served w ith a2, w he reas no inhibi t io n w as seen w ith the 
a n tibo dies against aS and {33 subunits. T he degree of inhibi t io n was 
almost compl ete with the an ti-{31 antibody. It ma y be reasonable to 
expect tha t at least o ne {31 in tegrin finnily m ember is respon sible for 
cell adhesio n . H oweve r , the m ode rate inhibi tio n o bserved wi th the 
anti -{34 a n tibody m ay imply that th e a6{34 integrin also plays a ro le, 
d espite its low expressio n o n the cell sur61ce as m easured by flo w 
cytom etry (T able 1). 
DISC U SSIO N 
We examined tlu·ee m e lanocyte cell types at diR:e ren t stages o f 
ce llul ar diffe rentiatio n. O n e cell type w as the no rmal human 
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Figure 2. Divalent cations influence the adhesion of normal 1m-
man mclanocyte s to ECM substrates . CcUs were incubated with 1.0 
mM concentration of the indi cated divalent ca tions in Tris-buiFered saline 
for l h prio r to adhesion assay at 37°C. Bars are m ean values and SDs o f two 
repetitions of six replicates . 
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F igure 3. Div ale n t cations influence t h e a d hesio n o f malignant 
melanoma c ell line G361 to ECM substrates. Cells were incubated for 
1 h prior to assay (refer to F ig 2 fo r details) . B m:< are m ea n va lues and SDs 
of two repetitions of six re plicates. Bars arc keyed as in F ig 2 . 
e piderm al m elan ocyte w ith n o m etastatic abil ity, and the other two 
typ es were the human m e tastatic m elan o m a cell lines (G36l and 
SK-MEL-23) represen ting early and late stages of cell d i1fere n tia-
tio n. 
Despi te th e di ffe rences in the cellular d iffere ntiatio n , n o d i1ferent 
patterns were noted in in tegrin e;-..-pression . Several in tegrin sub-
uni ts (a2, a3, aS, av, {31 , and {34) wi th overl apping substrate 
affini ties were expressed o n bo th n o rmal and malignant melano-
cytes. T his is in agreem ent. w ith th e fi n d ings of severa l other 
workers [4,6,2 1) . N eith er tbe in tegrin subuni t av or {33 was h ighly 
expressed , n o r was a patte rn of increasing expressio n w ith den·eas-
ing diffe re n tiatio n noted . Albe lda cl nl [20] re ported that the re is a 
correla tion between in tegrin expressio n an d d iffe ren tiatio n state of 
the cell. It could be reconci led by the heterogene ity be tween tumor 
cell lines, as w as also fo und by A lbelda cr nl. T hus no clear pattern 
em e rges that links degree of integrin c:-..-p ress io n w itb substrate 
adhesion, implying a more com plex associati on between the in te-
grins an d cell adhes io n. 
T he in tegrin-de penden t adhesion of no rm al non-metastatic an d 
m align an t m e tastatic human m e lan ocytes to ECM s is m odul ated by 
d ivale n t ca tio ns. For n o rm <l lmelanocytes, fib ron ectin provided th e 
best adhesive substrate, in agreem en t w ith the earlier fin d ings of 
Scott and colleagues [21 ] . For a g ive n substrate, cells preferentia lly 
bind in the presence o f m an ganese, fo ll owed by m agnesium and 
then calcium. A simil ar o bservation was made by Hara and 
coll eagues [ 4], wbo fo un d that no rm al hum an me lan ocytes adhered 
best to all substrates tested in the presence of m anganese and 
m agnesium. T he cation-modulatin g mechanism of in tcgrin ad he-
sio n involves a no ncovale n t association of the catio n m o lecule with 
binding sites o n the ex tracellular regio n of in tcgrins [22-24) . T his 
study suggests th at cal cium provides a favo rable adhes ive confor-
m ation to the in tegi-in , but the sm alle r io nic radius of manganese 
provides a supe t-io r adhes ive confo rmatio n . T he m uch sm all er ionic 
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Figure 4. Divalent cations iufiuence the adhesion of n>alignant 
melanoma cell line SK-MEL-23 to different substrates. Cell s were 
incubated fo r 1 h prior to assay. (Sec deta il s in F ig 2.) Ba,-s arc mean values 
and SDs of two re petitions of six replicates. Bn,-s nrc keyed as in Fig 2. 
radius of m agnesium may distort the mo lecu le to such a degree that 
li gand aH:I ni ty is di.min.ished . 
Control of catio n occupancy of each binding site could determine 
ligand a ffini ty as inclicated by Matsumoto and H emler [25]. If o ne 
conservative ly considers that three cation-binding sites may be 
occupie d by only three different extracellular cations, then the 
receptor has 27 different activation states. It is not known how this 
diversity can specifica lly alter the conformatio n of the integrin 
subunits and how these conformational changes are translated into 
intracellular signaling and organization o f the cytoskeleton . One 
expl anation would be a conformation-dependent binding affinity 
fo r cytoske letal complex. Duband el a/ [26) proposed that cells 
could produce integrin-ligand intera ctions of variable aH:inj ty. 
High-affinity interactions could be possible with som e in tegrin 
Table II. Substrate Chelation with EDTA Reduces G361 
Mclanotna Cell Adhesion to Extracellular Matrix 
Substrates 
Percent Ad hcs io n 1' 
Substra te Contro l EDTA1' 
Plastic 8.2 :t: 1.2" 4.5 :t: 0.8 
Fibroncctit{ (>5.0 ::!: 1.6 61.0 ::!: 1.3 
Lan1inin' 52.5 ::!: 1.0 46.3 ::!: 1 .5 
Coll agen Type I' 59 .2 :t: 2."1 50 .5 :t: 1.6 
Collagen Type IV' 57 .3 ::!: 1. 7 51 .6 ::!: 1.8 
" Percent adhesion is 100 (A, - A,)I I(A" - A,) + (A, - A,)! . w here A". A,, and 
A~o Sla nd for the absorbence at 405 11111 fo r ;1dhc rcnt fmctlou. no u- ad hcsion fraction . 
~111d blank. respect ively. 
1
' t O n>M EDTA . 
~ Adsorpti on concentration , I 0 fLg/rn l. 
'
1 :!: SD, p < 0.0005 for all volucs. 
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Figure 5. Divalent cations influence the ad11csion of small cell 
lung carcinmna cell line H-69 to substrates. Ce ll s were incuba ted for 
1 h prior to assay. Bnrs arc mean va lues and SDs of two repetitio ns of six 
rcp lic;Jtcs. Bnrs are keyed as in F ig 2. 
subunits, whereas other integrin subunits could only produce 
medium-affinity interactions. However, if mo re than one in tegrin 
subunit is actively bound to the li gand, a coll ective high-affinity 
interaction could erist. Another possibility is that ca tio ns m ay alter 
integrin- m ediated activation of adhesion-related kinases. 
Adhesion occurs also on "nonadherent, blocked" substrates in 
the presence of mangan ese (Fig 6). Thjs is independent of the 
nature of the blocking agent and is in direct proportio n with th e 
manganese concentration as reported earlier [4,27] . A lthough the 
M11 ++-dependent adhesion to blocked substrate is not competi-
tive ly inhibited by other divalent ca tio ns , it can be inhibited in a 
dose-dependent manner b y soluble R.GD peptide and by functional 
anti-{31, a2, a3, and {34 antibodi es, suggesting that integrins are 
involved at some stage of the adhesion complex formation. G ritmell 
cl a/ [27] also no ted that cells co uld adhere to no nadhe rent surfaces 
Table III. Manganese Permits Adhesion of G361 
Melanoma Cells to Plastic Substrate Prccoated with 
Various Blocking Agents 
nlocking Agent" 
None 
S'X, nonfat mi lk (w/v) 
51Y'u bovine SC rUI11 a}butl1il1 
5% ovalbumin 
0.7%, caragccnan 
"Incubation time of 1 h :1t 37°C. 
1
' Values calcub LCd as in Table ll . 
•· :!:: SD; p < 0.0005 tor oil va lues. 
Percent Adhesion" 
EDTA 
(10mM) 
22.6 :t: 7 .0' 
4.3 :t: 3 .0 
3.9 ::!: 2 .0 
3.5 :t: 1.0 
40.0 :t: 3 .0 
M anganese 
(lmM) 
48.6 :t: 3.0 
48.2 ::!: 4.0 
35.0 :t: 5.0 
37 .5 :t: 1.5 
42.0 :t: 3.5 
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Table IV. G361 Cells Express Laminin Following Exposure to Divalent Cations as Measured by ELISA 
Divalent Cation N o nin1n1unc Control" Anti-Fibro nectin Ab1' Anti-Lan1inin Ab'. Anti-Collagen IV AbJ 
10 mM EDTA 
l m.M calcium 
132' :!: 8r 128 :!: 12 119 :!: 8 132 :!: II 
146 :!: 10 138 :!: 10 201 :!: 12·" 129 :!: 8 
1 mM magnesium 
l n1M n1ang anese 
106 :!: 2 11 2 :!: 8 203 :!: 1 O" 121 :!: 12 
89 :!: 6 102 :!: 9 163 :!: II ·' 108 :!: II 
" Prim<~ry antibody uonimmun c mou se JgG 1 (1 :·J 000). 
'' Primary ;mtibody an6-tibro nccti n lgG 1 an tibody (1: I 000). 
,. Primary antibody :mti- laminin lg:G 1 antibody (1: I 000). 
J Primary antibody anti-co llagen IV lgG 1 antibody (1:1000) . 
,. Mean absorban ce ar 405 nm X I O·l per I 06 ce lls. 
f so. 
• Statisti ca ll y signifi cant, p < 0.0 I. 
jn the presence of manganese and proposed an in tegrin-indepen-
dent mechanism, based on a constitutively activated state (confir-
mation) of the integrin . Because soluble RGD peptides can block 
a dhesion, integrins arc necessary for at least a part of the adhesion 
cascade. T he disruption by integrin blockade may occur at the 
extracellular region, by interfering with complex formation , or o n 
the cytoplasmic region, by disrupting the cytoskeleta.l association 
w ith the bound integrins. 
How can cell s use divalent cations for adhesion? One possibility 
might be the following cascade of events, based upon the previous 
s tudies and our present findings. Ce lJs express a variety of cell-
s urface receptors, some of which are bound to ligand [1]. The 
bou.nd receptors are ac tivated, and interact with a cytoplasmic 
a dhesion complex [25] . The unbound receptors may be in a 
variabl e activation state [25] . A change in the concentration of 
extracellul ar cations causes an alteration in the occupancy state of 
th e cation-binding sites on the a -integrin subunit [2,3,22-25]. This 
ca u ses a conformational change from an inactivated to an activated 
form, as if the ligand was bound [2,22,23,25]. The ce ll , recognizing 
this activated state on th e cyto plasmic side, initiates a series of 
events, including cytoplasmic adhesion complex formation and 
o the r signals to intracellular processes [25]. Activation of integrins 
may in turn activate other non-integrin adhesion receptors, re in-
fo rcing adhesion to other substrate ligands. T hus, the observed 
increase in adhesion in our study of normal and malignant mela-
nocytes with different stages of cellul ar differentiation is the resu lt of 
more advanced adhesion processes that ca n be triggered by integrin 
40 
o~~~~~~~~~~~~~ 
0.0 1.0 2.0 3.0 4.0 
Manganese 
Concentration (mM) 
5.0 
Figure 6. G361 adltesion to blocked plastic substrate is dependent 
upon the manganese cation concentration. Cells were incubated fo r 1 
h prior to a ssa )' · (See details in Fig 2 .) 
activation , but do not exclusively require integrins for maintenan ce 
of adhesion complex formation. 
Secretion of extracellul ar m atrix proteins by ce lJs in response to 
ca tions hints at a possible paracrine fun ction for cell s. C hanges in 
extracellular cation concentrations may occur in periods of stress, 
such as cell death , trauma, and morphogenesis [3]. The change in 
ca tion concentration may provide a first signal for altered behavior. 
The cell may secrete a prefom1 ed ECM into the enviro nm ent as a 
modulating "second " signal, which would be detected by cellular 
integru1s . Although the secreted ECM components did not bind to 
the substrate in our assay, they may intera ct with the complex 
environment found i11 11i11o . Furthermore, the enhan ced avidity of 
cation-bound integrins for substra tes may rapidly ampl ifY the initial 
signal. 
Our modifi ed vertica l centrifuga l de tachment assay has shown 
that both normal and malignant m elanocytes adhere to EC M 
molecules found in the basement m embrane of non11al skin and 
healing wounds in a divalen t cation-dependent manner. lntegrins 
are fow1d to be responsible in part for this adhesion . T he integrin s 
can be rapidly activated by small alterations in the local ca tion 
concentration that is re fl ected in cell adhesion. Because the activa-
tion occurs over a very sho rt time period (within minutes), this 
allows cells to respond rapidl y to changes in their mi croenviron-
m ent. This may be exploited by malignant m e lanocytes to entrance 
ce ll motility, migration, and m etas tasis through matrices, and the 
rapidi ty of modulation may permit these malignant cells to respond 
to a dynamic, hostil e enviro nment such as that found in a blood 
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Figure 7. Soluble GRGDS , but not GRGES, peptide can perturbate 
G361 adhesion to blocked plastic in a c oncentration- dependent 
manner. Values calculated fi-o m 200 X g. 
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Table V. G361 Melanoma Cells Use a Limited Number 
of Integrin Subunits for Adhesion to Blocked Plastic 
Substrate" 
Antibody1' 
Control'' 
Percent of Contro l 
Adhesion' 
100.0 
83.4 
63.5 
96.0 
3.0 
95.0 
58.6 
·• Plastic bl ocked w ith 5% (w/v) no nfat milk powder/PBS. 
1
' Protein conccntnttio n o f purifi ed antibody: 2 .ug/ ml. 
r C:llcuhttcd value (percent ndhcsion with nntihody/ pc rccnt adhesion w ith o ut 
antibody) X l 00. 
11 Contro l had nonimmunc murine im.munoglobulin added to in cub~ttion solu tion. 
vessel after extravasation. T hese processes, however , were not 
directly related to the expression of markers relevant to the early 
and late stages of cellular diJie rentiation. 
We thauk Dr. ~Van·eu Galli11 , .Dr. A udre11• S haw, aud Dr. Es11W11d Smulers jor 
th eir suggcs /io11 s aud critical rwiew qf the 111 ethod. GES is a Fellow of the Medical 
R esearch Co 1111cil of Cmtadtl . This st11dy was sttppo11ed h)' grn11fs-i11-aid j"ro111 the 
Metl icnl Reset~rch C01 111Cil of Ca11ada (PA-11193 a11d MT-12866) a11d tl1e 
Na tio11nl Ca 11cer lustit11te of Cauadn with jt111ds jim11 the Caundia11 C a11cer Society 
(4145), n11d the A lberta C t111cer Board (1?..1-91). 
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